In vitro methods did not accurately predict in vivo apparent total tract digestibility of energy for canola coproducts (r = -0.81; P = 0.002). We scanned 153 samples of digesta, feces, and in vitro digestion residues (ivR) on a Fourier transform midinfrared instrument with a single-refl ection attenuated total refl ectance attachment. The second derivative spectral net intensities of the carbonyl ester peak at 1745 cm -1 and olefi nic hydrocarbon (=C-H) peak at 3008 cm -1 were both higher in ivR than in feces (3.83 × 10 -04 vs. 3.46 × 10 -05 and 7.92 × 10 -05 vs. 5.17 × 10 -06 , respectively; P < 0.001), indicating poor enzymatic digestion of unsaturated fat. In conclusion, fat digestion of in vitro procedure for canola coproducts requires improvement to adequately mimic in vivo digestion in pigs.
INTRODUCTION
Due to higher prices of traditional feedstuffs, canola coproducts have been increasingly used as alternative feedstuffs even though nutritional quality varies among samples. As a method to evaluate energy digestibility, a 3-step in vitro assay has been used (Boisen and Fernandez, 1997) . However, the assay had not been rigorously tested for the canola coproducts. We hypothesized that the in vitro assay would accurately predict the apparent total tract digestibility (ATTD) of energy for canola coproducts and that in vitro digestion of fat would be similar to in vivo.
MATERIALS AND METHODS
Eight low-fat solvent extracted canola meal (SECM) and 3 high-fat samples, that is, expeller pressed canola meal, canola cake, and canola seed and meal, were tested in vivo and in vitro. Fat content of 11 canola coproducts ranged from 2.4 to 26.0% (as-fed).
Animal Trial
The animal protocols were approved by the University of Alberta Animal Care Committee to ensure adherence to the Canadian Council on Animal Care guidelines. For the 3 high-fat canola coproduct samples, details of the animal trial were described (Seneviratne et al., 2011) . The 8 SECM samples were tested at 40% inclusion rate in grower pigs with wheat (Triticum aestivum) as basal diet and Cr 2 O 3 as indigestible marker. Each diet was fed to 4 pigs (30 kg initial BW) in 2 periods (5 d acclimation and 5 d fecal collection for each period).
In Vitro Trials
The 11 canola coproducts were tested in triplicate with a 3-step in vitro assay to simulate the digestion in stomach and small and large intestine in each consecutive step, and the 3 high-fat canola coproducts were also tested with a 2-step in vitro assay (without the third step incubation) to investigate ileal digestion of fat. The in vitro assay using Viscozyme L in the present study was used previously for wheat (Regmi et al., 2009 ) and was adapted from the originally assay (Boisen and Fernandez, 1997) .
Spectra Acquisition, Preprocessing, and Conversion
Ground (through 1-mm screen) diets, ingredients, ileal digesta, and feces and undigested in vitro residues Published January 23, 2015 (ivR) were scanned in triplicate using a Fourier transform midinfrared spectrometer (MB3000; ABB, Montréal, QC, Canada) with a single-bounce attenuated total refl ectance (ATR) with a diamond plate (MIRacle ATR, Madison, WI) in the range of 4000 to approximately 578 cm -1 with a resolution of 4 cm -1 and 32 co-added scans. Three replicate spectra per sample were averaged to 1 spectrum. Spectra were preprocessed with Savitzy-Golay smoothing (7 points at both sides), multiplicative scatter correction, and the Savitzy-Golay second derivative (fourth polynomial order) using The Unscrambler X (CAMO Software, Oslo, Norway). The second derivative net intensities of spectra were calculated using Microsoft Visual Basic for Applications (VBA) Macro programming in Microsoft Excel. With basic concept of Beer's law and its generalized form for an n-component system, the basal diet contribution in digesta and feces was subtracted from digesta or feces of test diets and then converted to the intensities based on ingredient volume before digestion to ensure comparison with the same caliber. Spectra were converted in Microsoft Excel with VBA Macro programming.
Statistical Analyses
The GLM and MIXED procedures were used for multivariate analyses of variance and ANOVA. The CORR and REG procedures were used for correlation and simple regression analysis, respectively (SAS 9.2; SAS Institute Inc., Cary, NC).
RESULTS
The 3-step in vitro assay underestimated ATTD of energy by 16%-units for the 3 high-fat canola coproducts (P < 0.001) and the in vitro energy digestibility was negatively correlated to the ATTD of energy for canola coproducts (r = -0.81; P = 0.002; Figure 1 ). Ingredient fat content was positively correlated to in vivo ATTD of energy but was negatively correlated to in vitro energy digestibility (Figure 2) . Using spectral analysis, net peak intensities of second derivative spectra at 3008, 1745, and 1710 cm -1 were higher in ivR than in feces (P < 0.001; Figure 3 ). Fat content of canola coproducts were strongly correlated to net peak intensity of second derivative spectra of ivR at 3008, 2852, 1745, 1710, and 722 cm -1 (r = 0.90, 0.96, 0.84, and 0.93, respectively) and strongly correlated to 2850, 1575, and 722 cm -1 in fecal spectra (r = 0.96, 0.95, and 0.91, respectively). Peak intensity at 1575 cm -1 of feces was higher (P < 0.001) than that of ivR (Figure 3) . Spectra of feces were characterized by a doublet at 1575 and 1539 cm -1 (spectra not shown). Net peak intensities at 2852 (P = 0.28) and 722 cm -1 (P = 0.34) of feces of pigs fed high-fat canola coproducts did not differ from those of the ivR. For low-fat canola meal, peak intensities of feces at 2852 and 722 cm -1 were lower (P < 0.001) than those of the ivR. In spectra of high-fat canola coproducts, peak intensities of digesta at 3008 and 1745 cm -1 were higher (P < 0.001) than those of feces whereas peak intensities of feces at 2852, 1575, and 722 cm -1 were higher (P < 0.001) than those of digesta.
DISCUSSION
In the present study, both amount and form of fat present in ivR differed from feces. For ivR, unsaturated fat was mostly undigested as shown by the unsaturated hydrocarbon (=C-H) peak at 3008 cm -1 and the carbonyl ester stretch peak at 1745 cm -1 , indicating that in vitro fat digestion was underestimating in vivo fat digestion even though lipase was included in the pancreatin. For in vivo, fat digestion was almost complete and most fat present in feces was not triglycerides, as supported by the strong C-H peak at 2849 cm -1 (not 2852 cm -1 ) and weak carbonyl ester peak at 1736 cm -1 (not 1745 cm -1 ). The higher peak intensity of =C-H and carbonyl ester in digesta than in feces also indicated that undigested fat in ileal digesta was continuing breakdown or losing unsaturation in the hind gut. In vitro "absorption" of free fatty acids was an issue, as indicated by strong intensity in the ivR vs. extremely weak intensity in feces for the peak at 1710 cm -1 that was carbonyl stretch in carboxylic acids. Both issues refl ected that with high-fat canola coproducts, in vitro digestion was not optimized; hence, undigested fat content was high in ivR.
We expected that the major form of fat was oil soap in feces rather than triglycerides, specifi cally Ca stearate, for the strong characteristic doublet at 1575 and 1539 cm -1 (Lu and Miller, 2002) and less oleic or linoleic salt for more saturation of methylene chain with weak intensity at 3008 cm -1 and less chance of Na salt; although the carboxylate (COO -) peak at 1573 cm -1 in Na salt of fatty acids was used for the determination of free fatty acids (Al-Alawi et al., 2006) , this Na salt did not show the doublet. This doublet was not detectable in both ivR and digesta spectra, indicating that the change was only in the hind gut. There were major net increases of long-chain hydrocarbons in the hind gut accompanied by the increase of carboxylate ion concentration, supported by the peak intensity at 722 cm -1 , which was due to -(CH 2 ) n -rocking mode in methylene chains, and the peak at 2849 cm -1 , which was induced by symmetric stretch of sp3 hydrocarbon (-CH 2 -). The sources of long-chain hydrocarbons in feces are not clear but might be from small amounts of undigested fat in the distal ileum or chain elongation of short-chain fatty acids to long-chain fatty acids by anaerobic microbial reversed β-oxidation (Steinbusch, 2010) . The increase of hydrocarbons in the hind gut narrowed the gap between in vivo and in vitro but also posed a new challenge to simulate in vitro fat digestion so that this hind gut phenomenon is accounted for. In conclusion, the current in vitro assay, which worked well for energy digestibility evaluation for wheat, is not appropriate for canola coproducts. Improvements to account for fat digestion should be the fi rst priority because undigested fat might deter the enzyme access from digesting protein and fi ber.
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